The generation of coherent and indistinguishable single photons is a critical step for photonic quantum technologies in information processing and metrology. A promising system is the resonant optical excitation of solid-state emitters embedded in wavelength-scale three-dimensional cavities. However, the challenge here is to reject the unwanted excitation to a level below the quantum signal. We demonstrate this using coherent photon scattering from a quantum dot in a micropillar. The cavity is shown to enhance the fraction of light that is resonantly scattered toward unity, generating antibunched indistinguishable photons that are 16 times narrower than the timebandwidth limit, even when the transition is near saturation. Finally, deterministic excitation is used to create two-photon N00N states with which we make superresolving phase measurements in a photonic circuit.
INTRODUCTION
Resonant excitation of atoms and ions in macroscopic cavities has led to exceptional control over quanta of light (1, 2) , which we aim to translate into the solid state. Engineering cavities around an emitter modifies the local density of optical states, changing the emission pattern and radiative decay rate (3) . It has been proposed that cavities can also accelerate the rate at which a spin may be prepared (4) , increase photon-spin coupling (5) , and enhance Raman scattering (6) under resonant optical fields. A reduced radiative lifetime T 1 also leads to an increase in the photon fraction that can be resonantly scattered (7, 8) , leading to an "ideal" quantum light source with high efficiency and high coherence.
Three-dimensional pillar microcavities allow a cavity-induced reduction in T 1 by an order of magnitude (9) (10) (11) (12) (13) (14) (15) . We resonantly excite and collect photons from the cavity along the axis that couples efficiently to the light field, illustrating the potential of this system as a spin-photon interface and a source of indistinguishable single photons.
RESULTS

Continuous-wave operation
It is possible to suppress the laser signal at the detectors while efficiently collecting the emission from a quantum dot using polarization filtering ( Fig. 1A ; see the Materials and Methods for further discussion). Until recently, this technique has been limited to optically smooth and flat samples (16) (17) (18) , for which a cavity enhancement is not observed. We use a pillar microcavity ( Fig. 1B) with a 2.25-mm diameter, which is close to optimal for maximizing the photon extraction efficiency (10, 19) . The HE 11 mode of the device we study has a quality factor, Q, of 8900, which is reduced from the Q of the unetched cavity. Imperfections in the cavity sidewalls that are visible, shown in Fig. 1B , are a possible source of optical loss in the mode (9, 19) . By rotating polarizer 2 in the photon detection path, it was possible to suppress the laser collected by a factor of 10 3 . Figure 1D shows data from this microcavity, which contains an X + transition emitting photons at 934 nm. Under only resonant illumination (the laser denoted E r in Fig. 1C ) is there an absence of emission from X + (red data points, Fig. 1D ). However, the addition of <100 pW of illumination at 850 nm (laser E n ) activates the resonant excitation (RE). We attribute this to a single hole captured in the ground state by the process shown in Fig. 1C . This is to be contrasted with the optical gating of neutral excitons, in which it has been reported that resonant excitation (RE) can be suppressed when a charge tunnels into the dot from a nearby defect (20) . For the device discussed here, the RE collected is increased 500 times by the addition of E n ( Fig. 1D ), but the RE can be increased 3000 times in other cavities.
The resonant laser power required to observe RE in these high-Q cavities is about three orders of magnitude lower than that for planar cavities with Q = 70 (21) . This is to be expected given the efficient photon-in-coupling and higher Q. In addition, the Purcell effect has reduced the lifetime of the single-quantum emitter, broadening the transition to DE = 6.14 ± 0.19 meV (about five times greater than noncavity-enhanced emitters in this sample). Figure 2A shows the result of a Hanbury-Brown and Twiss autocorrelation measurement of g (2) (t) recorded under continuous-wave excitation at a Rabi frequency (W) of 0.83 GHz. The data are fitted with the well-known equations for g (2) (t) under coherent excitation (20, 22, 23) , including an additional charging-induced bunching effect (24) . This confirms the dominance of the antibunched quantum emission at the detectors. The spectrum of the RE in Fig. 2B (black data points) appears close to the instrument resolution (0.78 meV, red line). There is no evidence of the emitter linewidth in this spectrum. This is a clear signature of Resonant Rayleigh Scattering (RRS) by the transition. A least-squares fit gives a spectral width of 0.37 ± 0.03 meV over the system response; hence, the coherently scattered photons are narrower than the radiative linewidth by a factor of 16. Figure 2C shows the total intensity, I total , emitted by the transition as a function of Rabi frequency, W. One advantage of cavity enhancement is that emission due to RRS, I RRS is greatly increased. The fraction of the total emitted light due to RRS (7, 22) is
where T 1 is the radiative lifetime and T 2 = 2ħ/DE. For an emitter with no cavity enhancement, we typically see T 1 = 1 ns and T 2 = 0.6 ns (21), which would lead to a variation in I RRS , as shown in Fig. 2C (in blue). The maximum fraction I RRS /I total is 0.3, which can only be achieved well below saturation. For a cavity-enhanced source, the fraction I RRS /I total is close to unity (Fig. 2C, red) . We observe in Fig. 2B that at W = 0.83 GHz, when I total is 0.65 of its maximum value, the RRS dominates the spectrum. Further confirmation of the character of the emitted light's character can be obtained by two-photon interference measurements. Figure 2D shows the result of a continuous-wave two-photon interference measurement (12, 25) at W = 0.83 GHz. Light from the source was passed to a fiber-optic Mach-Zehnder interferometer with a delay of 10.4 ns and a half-wave plate (HWP) in one arm (inset to Fig. 2D ). This enabled photons emitted at a time separation of 10.4 ns to take the two paths through the interferometer and meet at the final coupler, C B . Dependent on the HWP, photons meeting at this coupler can have parallel or orthogonal polarization, and an autocorrelation on the outputs of the interferometer measures the degree of indistinguishability. The difference in the two measurements is quantified by the interference visibility V HOM ðtÞ ¼ ðg (t) g (2) || (t) g (2) ⊥ (t) shape of the visibility plot is determined by the first-order coherence of the photons (22) . We fit these data (22, 26) for a range of values of T 2 /2T 1 . The calculation provides a remarkably good fit to the data for T 2 /2T 1 = 1.0. This shows that the source is delivering highly indistinguishable photons and that the Purcell effect has enhanced the RRS part of the spectrum.
Pulsed operation
Next, we discuss the operation of the source under pulsed optical excitation to create on-demand single photons, indistinguishable photon pairs, and N00N states (Fig. 3) . Optical pulses of 57 ps length resonantly excite the transition, and Rabi oscillations in the detected RE are observed as a function of the incident field amplitude. The source was driven with 0.71p pulses to provide a near-deterministic excitation and an optimal signal-to-background level (18, 21) . When two pulses are used to excite the source at a time separation of 2.36 ns, the emitted photons can again be interfered to determine their indistinguishability. For a pulsed demonstration of two-photon interference, a useful parameter is g (13) , which is the probability of generating two photons in either of the two pulses, divided by the probability of generating two single photons. A measurement of g = 0.167 ± 0.005 is shown in Fig. 3B . For reference, g (2) (t) = 0.165 ± 0.004, where the probability of multiphoton emission during a single laser pulse results in a deviation from the ideal value. When these two photons interfere with parallel or orthogonal polarization (black and red lines, respectively, in Fig. 3C) , the difference in coincidences is indicative of a high degree of indistinguishability. Following analysis (13), we determine a twophoton overlap, |〈y 1 | y 2 〉| 2 = 0.90.
Finally, we use this source to build a two-photon N00N state, which is the prototypical quantum state used for phase-enhanced measurement (27) (28) (29) . The two photons are fed into a silicon oxynitride photonic chip as shown in Fig. 3A , which delivers subwavelength control of path lengths and stability. Two indistinguishable photons interfere at the first coupler and exit together in the superposition state |2〉 A |0〉 B + |0〉 A |2〉 B . These two paths then experience a relative phase shift, f, transforming the state to |2〉 A |0〉 B + e 2if |0〉 A |2〉 B . Thus, superresolution is achieved because the phase shift introduced to the two-photon state is twice that of a single photon and can be measured by recombining both paths on a final coupler. Figure 3D shows the single-photon count rate at each output of the photonic chip as a function of the phase shift f when light is only inserted to one of the inputs. The oscillations have a visibility of 0.98, reflecting the balanced splitting of the couplers and the two paths through the interferometer. When two single photons are fed into both inputs, a measurement that postselects two-photon coincidences between the outputs (Fig. 3E) clearly displays a doubled rate of oscillation with phase, relative to the single-photon case. This is the signature of superresolution. The minimum coincidence rate observed in Fig. 3E is determined by the value g. Losses in the optics and detectors preclude the observation of phase supersensitivity; thus, this effect is limited to the postselected measurements. However, we anticipate that the future integration of single-photon sources directly onto the chip (30) could increase the efficiency of the photon coupling.
DISCUSSION
In conclusion, we have demonstrated the coherent excitation of a cavity QED (quantum electrodynamics)-enhanced emitter using the optimal axis for coupling light in and out. We observe indistinguishable coherent photon scattering even as the transition is driven near saturation. Under pulsed, resonant excitation, the high degree of photon indistinguishability can be used to demonstrate superresolution using a N00N state in a photonic chip. These results show how the combination of coherent excitation and cavity QED can lead to a bright and coherent photon source.
MATERIALS AND METHODS
Sample design and measurement optics
The microcavity sample consisted of a Bragg Reflectors with 17 and 26 pairs around a single-wavelength spacer with dots at its center (14) . The asgrown cavity was designed for 942 nm and was then etched by RIE-ICP (reactive ion etch-inductively coupled plasma) into cylindrical pillars, as shown in Fig. 1B . This sample was mounted inside a closed-cycle cryostat and optically accessed by a custom-built microscope head. Coherent excitation was provided by an attenuated tuneable diode laser. This was directed through linear polarizer 1 and reflected by a pellicle beam splitter onto the pillar along its symmetry axis. Light was collected along the same direction, transmitted through two pellicle beam splitters before being filtered by polarizer 2, and collected into a polarization-maintaining fiber. In the absence of pellicle or sample birefringence, these polarizers should be set orthogonal to one another to prevent laser light from reaching the detector. However, a transition that couples to the optical field in some incompatible basis (for instance, trion transitions that are circularly polarized) may interact with the input laser and result in finite fluorescence at the detector.
Two-photon interference measurements with pulsed excitation
The data in Fig. 3 were recorded with silicon avalanche photodiodes with a combined timing resolution of 500 ps. Peaks in Fig. 3C were fitted with a double-exponential decay convolved with a Gaussian detector response function. The wave-packet overlap, which is a measure of the visibility that could be achieved when g = 0, was determined from the areas of these peaks (13) . We also performed pulsed twophoton interference measurements with quantum dots in a planar microcavity without Purcell enhancement. In this case, the radiative lifetimes of the charged state were always~1 ns, but at 5.0 K, it was not possible to observe two-photon interference visibilities under pulsed excitation that were above 0.5 without temporal postselection. In comparison, He et al. (18) have shown that preselection of a dot with a radiative lifetime of 416 ps (in the absence of Purcell enhancement) can lead to corrected indistinguishabilities, analogous to the photon overlap, of 0.97 ± 0.02.
